A calculation method for heats of formation (HOF, referred to as ∆Hf) based on the density functional theory (DFT) is presented in this work. Similar to Gaussian-3 theory, the atomic scheme is applied to calculate the heats of formation of the molecules. In this method, we have modified the formula for calculation of Gaussian-3 theory in several ways, including the correction for diffuse functions and the correction for higher polarization functions. These corrections are found to be significant. The average absolute deviation from experiment for the 164 calculated heats of formation is about 1.9 kcal·mol −1 , while average absolute deviation from G3MP2 for the 149 (among the 164 molecules, 15 large-sized molecules can not be calculated at the G3MP2 level) calculated heats of formation is only about 1.9 kcal·mol −1 . It indicates that the present method can be applied to predict the heats of formation of medium-sized and large-sized molecules, while the heats of formation of these molecules using Gaussian-3 theory are much difficult, even impossible, to calculate. That is, this method provides a choice in the calculation of ∆Hf for medium-sized and largesized molecules.
directly. The ∆H exp,0 and ∆H atom can be obtained from correlative books [30] . The ∆H f of a molecule at the level B3LYP/cc-pVDZ can be calculated by Equation (1) via Equation (6).
Results and Discussion
In this work, 164 compounds are selected for testing. They are divided into four test sets: i) G2/97 test set, ii) CH test set, iii) NOS test set, and iv) LARGE test set.
G2/97 Test Set
There are 70 neutral molecules in this test set. The structures are taken from Ref. [9] . All calculations are carried out using the GAUSSIAN 98 program package [31] . Density Function Theory has been applied to optimize the structures at basis set cc-pVDZ. The basis sets are the correlation-consistent basis sets of Dunning, specifically the polarized valence double-ζ (cc-pVDZ). The convergence criterion is 10 −8
. The optimized structures of the 70 species at the level B3LYP/cc-pVDZ and G3MP2 are shown in Table 2 . The harmonic vibrational frequencies have been predicted in these optimized structures. All the vibrational frequencies of the molecules both at the levels B3LYP/cc-pVDZ and G3MP2 are positive (not listed). This indicates that the molecules are at a local minimum at the levels B3LYP/cc-pVDZ and G3MP2.
In Table 2 , the experimental ∆H f (Exp. column) are taken from Ref. [9] . Some values have been updated by values from Ref. [30] , such as the experimental value for 02 is changed from −118.4 kcal·mol −1 to −119.4 kcal·mol −1 , for 48 from 8.9 kcal·mol −1 to 5.0 kcal·mol −1 , etc. It can be found that the DFT ∆H f deviations from experiment in some molecules are comparatively high (It is noted that the absolute ∆H f deviations which are greater than 2.5 kcal·mol −1 are in bold and italic in Table 2 and the subsequent tables): 01 (−7.1 kcal·mol ). The 01 (C 2 F 4 ) is a halide. As known, Gaussian-n theory and other method work poorly on this species. For example, the calculated enthalpy of formation of C 2 F 4 at G3 [9] is too negative by 4.9 kcal·mol −1 , whereas at G3MP2 [10] is too negative by 3.1 kcal·mol −1 . Our method works poorly on the molecules 05, 10, which contain cumulated double-bond (-X=C=Y-) because the cumulated double-bond -X=C=Y-can also be written as >X-C≡Y. There should be different ∆H f between -X=C=Y-and >X-C≡Y. It can be found that the present method works poorly on the species which contain functional group >C=O. The calculated enthalpies of formation are underestimated too negative by 2.5 to 5.6 kcal·mol ) and 10 belong to this category. Both DFT and G3MP2 work poorly on the bicyclobutane (13 in Table 2 ). The sum of absolute deviation from experiment for the 70 calculated heats of formation is only 78.6 kcal·mol It is noted that the molecule structures are taken from the original test set of G3 theory [9] (G2/97 test set), where a "higher level correction" (HLC) [9] is added to take into account some deficiencies in the energy calculations.
The HLC is −An β − B(n α − n β ) for molecules and −Cn β − D(n α − n β ) for atoms (including atomic ions). The n β and n α are the number of β and α valence electrons, respectively, with n α ≥ n β . The number of valence electron pairs corresponds to n β . Thus, A is the correction for pairs of valence electrons in molecules, B is the correction for unpaired electrons in molecules, C is the correction for pairs of valence electrons in atoms, and D is the correction for unpaired electrons in atoms. The use of different corrections for atoms and molecules can be justified, Figure 1 . DFT ∆H f and G3MP2 ∆H f deviations from experiment of the G2/97 test set. 01  04  07  10  13  16  19  22  25  28  31  34  37  40  43  46  49  52  55  58  61  64  67  70 G3Dev DFTDev in part, by noting that these extrapolations take some account of effects of basis functions with higher angular momentum, which are likely to be of more importance in molecules than in atoms. For G3 theory, A = 6.386 mhartrees, B = 2.977 mhartrees, C = 6.219 mhartrees, D = 1.185 mhartrees. The A, B, C, D values are chosen to give the smallest average absolute deviation from experiment for the G2/97 test set. Obviously, A, B, C and D are the fit parameters which are taken into account the electron structures of molecules in G2/97 test set, and in turn, they are used to calculate the energies of molecules in the same test set. That is, the precisions for calculation energies, especially for the molecules in the test set, are improved by introducing the fit parameters A, B, C, D. In this circumstances, it is not strange that the average absolute deviation of G3MP2 ∆H f from experiment is less than that of DFT ∆H f .
CH Test Set
There are 20 neutral molecules which are all typical hydrocarbons in this test set. All calculations are carried out using the GAUSSIAN 98 program package. Density Function Theory (DFT) has been applied to optimize the structures at basis set cc-pVDZ. The optimized structures of the 20 species at the levels B3LYP/cc-pVDZ and G3MP2 are shown in Table 3 . The harmonic vibrational frequencies have been predicted in these optimized structures. All the vibrational frequencies of the molecules both at the levels B3LYP/cc-pVDZ and G3MP2 are positive (not listed). This indicates that the molecules are at local minimum at the levels B3LYP/cc-pVDZ and G3MP2.
In Table 3 , the experimental ∆H f (Exp. column) are taken from Ref [30] . It can be found that the DFT ∆H f deviations of some molecules from experiment value are comparatively large: 01 (3.7 kcal·mol ). These results show that G3MP2 theory, which is known as the isodesmic method, for calculation does not incorporate the energy stabilization effect caused by conjugated bonds in polyene or aromatic compounds. Whereas 02, 04, 013, 15, 16, 19, 20 belong to conjugated category. It can be found that the number of G3MP2 ∆H f deviations is more than that of the DFT ∆H f deviations. And comparing the G3MP2 ∆H f deviations and the DFT ∆H f deviations, one can find that the former is higher than that of the later. The sum of absolute deviation from experiment for the 20 calculated heats of formation is 45.4 kcal·mol . The G3MP2 ∆H f deviations and the DFT ∆H f deviations from experiment are shown in Figure 2 . It can be found that the trends of the two lines are identical for the same molecule if the deviation sign is neglected. Most of the G3MP2 ∆H f deviations from experiment are negative, while most of the DFT ∆H f deviations from experiment are possibly negative or positive. From the view of point of average absolute deviation from experiment, DFT ∆H f method is more preferable than the G3MP2 ∆H f method in this test set.
NOS Test Set
There are 60 neutral molecules in this test set. All calculations are carried out using the GAUSSIAN 98 program package. Density Function Theory (DFT) has been applied to optimize the structures at basis set cc-pVDZ. The optimized structures of the 60 species at the levels B3LYP/cc-pVDZ and G3MP2 are shown in Table 4 . The harmonic vibrational frequencies have been predicted in these optimized structures. All the vibrational frequencies of the molecules both at the level B3LYP/cc-pVDZ and G3MP2 are positive (not listed). This indicates that the molecules are at local minimum at B3LYP/cc-pVDZ and G3MP2.
In Table 4 , the experimental ∆H f (Exp. column) are taken from Ref [30] . In this test set, we selected some typical molecules which contain special functional groups, such as -NO 2 , -SO 2 , -X=C=Y-, etc. The calculation results show that each -NO 2 group may be low by 9.6 kcal·mol −1 , and each -SO 2 group may be high by 20.0 kcal·mol −1 . In order to fit for the experimental values, 9.6 kcal·mol −1 is added for the DFT ∆H f for each -NO 2 Table 4 , it can be found that the DFT ∆H f deviations of some molecules from experiment are comparatively large: 03 (3.7 kcal·mol ). Among these molecules, 03, 23, 48, 51, 53, 54, 55 contain the -NO 2 group, 27 and 28 contain the -SO 2 group, and 07, 18, 41, 42 contain the -CO 2 group, while 08, 11, 12, 33, 34 contain the -X=C=Y-group. As mentioned above, the DFT ∆H f method works poorly on these species. The sum of absolute deviation from experiment for the 60 calculated heats of formation is 132.3 kcal·mol In this test set, the G3MP2 ∆H f deviations of some molecules from experiment value are also comparative high: For the molecules contain the -NO 2 group, 02 (2.6 kcal·mol ), are high. These results show that G3MP2 theory works poorly on these species. The sum of absolute deviation from experiment for the 59 calculated heats of formation, wherein the molecule 48 cannot be calculated at G3MP2, is 157.0 kcal·mol −1 . The average absolute deviation from experiment for the 59 calculated G3MP2 ∆H f is 2.7 kcal·mol −1 . The G3MP2 ∆H f deviations and the DFT ∆H f deviations from experiment value are shown in Figure 3 . It can be found that most of the G3MP2 ∆H f deviations from experiment value are positive, while most of the DFT ∆H f deviations from experiment value are possibly negative or positive. From the judgment of average absolute deviation from experiment value, the DFT ∆H f method is more preferable than that of G3MP2 ∆H f method in the test set because the average absolute deviation from experiment of the DFT ∆H f is lower than that of the G3MP2 ∆H f .
The sum of the absolute deviations from experiment is 278.7 for the above 150 calculated DFT ∆H f . While the sum of the absolute deviations from experiment is 281.0 for the above 149 calculated G3MP2 ∆H f . Both of the average absolute deviations are about 1.9 kcal·mol −1 (1.89 kcal·mol −1 for G3MP2 theory, 1.86 kcal·mol −1 for DFT method). The average absolute deviation of G3MP2 theory for the 70 molecules in G2/97 test set is only 1.1 kcal·mol for CH test set, and 2.7 kcal·mol −1 for NOS test set) because the former is the original test set while the later are not. Whereas, the average absolute deviations of DFT method the results are from 1.6 kcal·mol −1 to 2.2 kcal·mol −1 for all the three test sets. By taking this into account, we can conclude that the DFT method is the same effective as the G3MP2 theory in predication of ∆H f of compounds.
LARGE Test Set
There are 14 neutral molecules in this test set. All calculations are carried out using the GAUSSIAN 98 program package. DFT has been applied to optimize the structures at basis set cc-pVDZ. The optimized structures of the Exp.: experimental ∆Hf taken form Ref. [30] ; DFT: ∆Hf obtained at the level B3LYP/cc-pVDZ; DFTDev: DFT ∆Hf deviation from experiment. 01  04  07  10  13  16  19  22  25  28  31  34  37  40  43  46  49  52  55  58 G3Dev DFTDev 14 species at the level B3LYP/cc-pVDZ are shown in Table 5 . The harmonic vibrational frequencies have been predicted in these optimized structures. All the vibrational frequencies of the molecules at the level B3LYP/ccpVDZ are positive (not listed). This indicates that the molecules are at local minimum at the level B3LYP/ccpVDZ.
In Table 5 , the experimental ∆H f (Exp. column) are taken from Ref. [30] . In this test set, we selected some medium-sized and large-sized molecules, of which the calculation of heats of formation of these molecules using G3 or G3MP2 theory is much difficult, even impossible.
From Table 5 , it can be found that the DFT ∆H f deviations of some molecules from experiment value are comparative large: 02 (−4.9 kcal·mol . It seems that the average absolute deviation is comparatively high in this test set. However, the high absolute deviation 5.8 kcal·mol −1 , for example in 05, is acceptable because the molecules are the medium-sized and large-sized.
Conclusion
In this work, we have developed a method for calculating the heats of formation of medium-sized and largesized molecules. This method has the following characteristics: i) The calculation formula for the heats of formation is derived from the famous G3 and G3MP2 theory. The atomic energies are obtained from the calculated results. There are no empirical parameters or fit parameters to be introduced to eliminate the deficiencies in the calculation of the heats of formation except the corrections of the chemical functional groups -NO 2 and -SO 2 . ii) The average absolute deviation from experiment for the 150 calculated DFT ∆H f is 1.5 kcal·mol . The G3MP2 ∆H f and DFT ∆H f can be used to predict the heats of formation when the experimental data are unknown or uncertain. iii) The present method can be applied to predict the heats of formation of medium-sized and large-sized molecules. The heats of formation of a molecule containing 100 up to 200 heavy atoms can be calculated by this method. Under economical consideration, this method is expected to impact the applications in the calculations of heats of formation of large-sized molecules.
